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OUTLINE

* Development of new analytic model of the ICM based on
the polytropic equation of state and validation with
Chandra X-ray and Sunyaev-Zeldovich Array observations
« Comparison on X-ray and SZE measurements

« Measurement of the gas fraction independent of
cosmology

« Measurement of the Hubble constant

« The effect of He sedimentation on cluster masses
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1. Development of a new analytic model of the ICM

Presently, Vikhlinin et al. (2006) and Nagai et al. (2007) models
are main options when fitting X-ray and SZE observations
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Figure: The distribution of the surface brightness (left) and temperature (right) for A133
(Vikhlinin et al. 2006)

Models of density and temperature produce excellent goodness
of fit to X-ray data, but are not ideal for a joint modeling of the
pressure, which is the Sunyaev-Zeldovich Effect observable.
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1.1 The mass density distribution
Assume a mass density (for the total gravitational mass)
following a distribution by Suto et al. (1998)

N Pi
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1.2 The gas density and temperature

Use a polytropic equation of state for the hot gas:
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1.3 The hydrostatic equilibrium equation
Assume dynamic equilibrium of mass and the hot gas:

1 dP.  GM(r)

pmyn.(r) dr r2
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1.4 Modification of equations to account for cooling of gas
The model derived so far is modified by a phenomenological

“core taper' function (identical to that of Vikhlinin et al. 2006):
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and therefore the temperature and density profiles becomes:
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Figure: The distribution of the temperature and density as function of radius (Bulbul et al. 2010)

In summary:
3 shape parameters and 2 normalizations for global properties

3 additional parameters for cool-core clusters
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2. Validation of the model with Chandra obsetions

2.1_Application to imaging spectroscopy Chandra observations
Two high S/N observations of Abell 2204 and Abell 1835 are fit
well by the model

Abell 1835 Abell 2204

Figure: Images of Abell 1835 and Abell 2204, 0.7-7 keV band, Chandra observations
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Figure: Fit of the polytropic model to the surface brightness and temperature profiles (Bulbul et al. 2010)
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3. Application to Sunyaev-Zeldovich Array observations
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3.1_The Sunyaev-Zeldovich Array interferometer
The SZA is an 8-element interferometer located in central
California, operating at 30 GHz and 90 GHz

Figure: The SZA interferometric array as part of CARMA, at the Cedar Flats location in California
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Figure: SZA images of Abell 1835 and Abell 2204 at 30 GHz (Hasler et al. 2010)
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Joint fit to Chandra and SZA data
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Figure: Radial plots of surface brightness and temperature (X-ray), and real part of the visibilities as function
of (u,v) radius (SZE) for Abell 1835 and Abell 2004 (Hasler et al. 2010)
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3.2 Measurement of masses and distances without priors on
cosmology

Joint X-ray and SZE observations results in a unique method of
measurement of masses that is cosmology independent:
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Both density and distance can be measured simultaneously,
masses calculated without assuming cosmological parameters .
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(Hasler et al. 2010)
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Figure: Measurement of the gas fraction from joint X-ray and SZE data, for Abell 1835 and Abell 2204
(Hasler et al. 2010)

If one wants to measure masses at a given density contrast, such
as r_ , then the calculation of the outer radius carries an

uncertainty.
Mioi(ra) = 4/37r3 Ap.
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4. Cosmological applications

4.1 Comparison of X-ray and SZE measurements
Comparison between masses inferred from the two observables

can be used to determine if X-rays and the SZE observe the
same gas (e.qg., if there is non-thermal X-ray emission or not)

» In Laroque et al (2006) we measured the gas mass from the
two observables (Chandra and OVRO/BIMA data), and found
consistent results.

* Good agreement between X-rays and SZ indicated from
Chandra and SZA data (Hasler et al. 2010)

« Work by several authors (e.g.,Lieu et al. 2006) from WMAP
data reports discrepancy in the analysis of samples of clusters

« Lueker et al (2010) indicate a possible discrepancy between X-
ray and SPT power spectrum; more work in progress using
Chandra and SPT observations of individual clusters.
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Figure: preliminary results on the Chandra/SPT Comparison (Plagge et al. 2011)

17




UAHuntsville

THE UNIVERSITY OF ALABAMA IN HUNTSVILLE

4.2 Use of the gas fraction template for cosmology

Work in progress on the measurement of the gas fraction
independent of cosmology, for a sample of 30 clusters at z=0.1-1.1.
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Knowing the distribution of f as function of redshift can be

used to constrain dark energy (Sasaki 1996, Pen 1997, Allen et
al. 2008, Ettori 2009).
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gas

Redshift

Figure: The X-ray method of measuring masses depends on cosmology (from Allen et al. 2008)
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4.3 Measurement of the Hubble constant
Using D (z) information alone, the measurement of the Hubble

constant depends on priors on Q .
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Figure: Measurement of the Hubble constant from earlier OVRO/BIMA observations (Bonamente et al. 2006)
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Work in progress on a sample of 30 clusters at z=0.1-1.1...
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4.4 The effect of He sedimentation on cluster masses

Radial gradients of He (and other elements) can lead to biases in
the measurement of cluster masses

He Sedimentation Model
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Figure:Effect of the Peng & Nagai 2009 He sedimentation model on mean molecuar numbers (Bulbul et al. 2010)
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Figure:Effect of the Peng & Nagai 2009 He sedimentation model on cluster masses (Bulbul et al. 2010)

Actual measurement of He sedimentation can be obtained by
combining X-ray and SZE observations, though very
challenging at present.

23




_ ‘* National Space Science
N 4% BAE and Technology Center

UAHuntsville

THE UNIVERSITY OF ALABAMA IN HUNTSVILLE

CONCLUSIONS

 We developed and validated a new model for the analysis
of X-ray and SZE observations of galaxy clusters.

« The model is especially designed for applications in which
both X-ray and SZE observations must be modeled
simultaneously

« Applications include the measurement of gas fraction
independent of cosmology, constraints on Hubble constant
and dark energy, and the sedimentation of heavy ions
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3.3 Comparison of new model with Nagai et al. (2007) model

Two models provide equally acceptable fits, and measure the same Y,
by using the same number of degrees of freedom.
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Bulbul et al. (2010)

Vikhlinin et al. (2006)

3.4 Preliminary comparison of with Vikhlinin et al. (2006) model
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